Streptomyces
antibioticus is a grampositive actinomycete which produces the antibiotic, actinomycin (1) . Much study has been devoted to the changes in macromolecular synthesis which precede and accompany actinomycin production in this organism. For example, it has been found that there is a significant decline in the levels of protein and RNA synthesis in growing cells as they prepare to make actinomycin (2) (3) (4) . Some of the changes in the translational apparatus appear to be related to the function of the cells in actinomycin biosynthesis (5) . In addition, it has been observed that actinomycin-producing S. antibioticus cells are capable of synthesizing significant quantities of RNA while they are producing actinomycin (4, 6) . Several mechanisms by which they protect themselves against the inhibitory action of the antibiotic have been discovered (3, 7) .
In contrast to the amount of information which is available regarding the regulation of macromolecular synthesis in S.
antibioticus, very little is known about the mechanism of actinomycin biosynthesis in this organism. Indeed, only two enzymes have been implicated in actinomycin biosynthesis to date. One of these is presumably involved in the activation of valine for incorporation into the pentapeptide chains of the antibiotic (8) . This enzyme has not been well characterized. The sec-ond enzyme, originally named phenoxazinone synthetase by Katz and Weissbach (9) , is involved in the synthesis of the actinomycin chromophore, actinocin. This enzyme has more recently and appropriately been named phenoxazinone synthase (10) . Phenoxazinone synthase (PHS)' catalyzes the condensation of two molecules of 4-methyl, 3-hydroxyanthranilic acid, and derivatives thereof, to yield actinocin and its derivatives.
The enzyme was partially purified by Katz and Weissbach a number of years ago, and these workers reported several of its properties (10). However, it was not clear from their data that the enzyme preparation they obtained was homogeneous, nor did their purification scheme take into account the possible existence of multiple forms of the enzyme. Indeed, Golub and Nishimura detected the presence of several forms of the enzyme by gel electrophoresis (11) . In view of these results, and because of the need for highly purified enzyme for use in the regulatory studies which are ongoing in this laboratory, it seemed necessary to devise a procedure for the complete purification of S. antibioticus phenoxazinone synthetase.
The results of this purification are presented in this report.
MATERIALS AND METHODS

Materials .
S. antibioticus were grown as described previously (3) 
Purification of Phenoxaxinone Synthase
All steps were carried out at 0-4°C unless otherwise indicated.
Step The support was generally stored in 1 M NaCl containing a small amount of sodium azide.
For affinity chromatography, column bed volumes equivalent to 1.6 times the wet weight of starting mycelia were used. Chromatography was performed in 2 X 25-cm glass columns. The affinity support was washed and equilibrated with Buffer 3. The enzyme solution from step 3 was applied and the column was then washed with Buffer 3 containing 0.2~ NaCl until the Am of the effluent was below 0.1. The enzyme was then eluted by washing the column with Buffer 3 containing 0.5 M NaCl. Fraction volumes were usually one-fifth the bed volume of the affinity column and flow rate was l-l.2 ml/min. Appropriate fractions were assayed for enzyme activity as described above. A typical affinity column profile is shown in Fig. 1 . Fractions 17-20 from this column were pooled and the enzyme was precipitated by the addition of 500 mg/ml of solid ammonium sulfate. After 30 min of stirring in the cold, the precipitated protein was collected by centrifugation for 20 min at 20,000g.
Step 5. The resulting precipitate was dissolved in a minimal volume of Buffer 3 containing 0.5 M NaCl and applied to a 1.6 X 95-cm column of Bio-Gel A5m, equilibrated and eluted with the same buffer. A typical column profile is shown in Fig. 2 Step 3 enzyme was applied to a 2 x 11-cm column of 3-hydroxyanthraniloyl-Sepharose. The column was washed first with Buffer 3 containing 0.2 M NaCl followed by Buffer 3/0.5 M NaCl. Flow rate was 72 ml/h and 6-ml fractions were collected. Fractions were pooled as indicted in the text.
Buffer 3 containing 0.5 M NaCl to give a final volume of 1.2-1.5 ml. In some experiments it was observed that more efficient separation of the large and small enzyme forms could be achieved by pooling fractions 45-58 and 59-70, concentrating and fractionating each pool separately on glycerol gradients as described below.
Step 6.
Step 5 enzyme was applied in 200-to 250-~1 aliquots to 5 ml 20-40s glycerol gradients prepared in Buffer 310.5 M NaCl. Gradients were centrifuged for S-10 h at 50,000 rpm in the Beckman SW 50.1 rotor.
Following centrifugation, tubes were punctured and 8-to g-drop fractions were collected from each tube. A typical gradient profile, depicting the separation of the enzyme activity into large (L) and small (S) forms is shown in Fig. 3 . L-and Scontaining fractions were pooled and stored at -70°C or concentrated by ammonium sulfate precipitation as described in step 5. 
Preparation of Antibody to PHS
RESULTS
Comments on the Purification
As mentioned above, the enzyme under study was called phenoxazinone synthetase by Katz and Weissbach in their early publications (9) and, indeed, has been referred to by that name in reports from this laboratory (2) (3) (4) A summary of a typical purification procedure is presented in Table I . The two forms of the enzyme are purified by about 80-fold relative to the crude extract and are obtained in about 80% yield. It can be seen that the enzyme activity increases relative to the crude extract in purification steps 2-4. This observation suggests that inhibitors of the enzyme are removed during one or more of these steps and, indeed, a similar result was obtained in the purification of RNA polymerase from S.
antibioticus (21) . The yield of enzyme has varied in different experiments from 30 to 50 mg (L + S) per 100 g wet wt of myCelia. These enzyme yields represent l-1.6% of the total protein present in crude extracts of 48-h cells. The enzymes are quite stable and can be stored at -70°C essentially indefinitely in pure form. Repeated freezing and thawing (up to five or six times) can be accomplished with only minimal losses in activity.
The affinity column step has proven very useful in the purification of the enzyme prior to Bio-Gel chromatography.
The enzyme could be eluted from the column by 3HAA although the NaCl elution procedure was more efficient and less expensive. The fact that the enzyme bound very poorly to the linker-Sepharose (without 3HAA attached) suggests that the observed purification was indeed a result of the affinity of the enzyme for the substrate-resin complex. A number of alternative procedures have also been explored for the purification of the enzymes, but these were generally less applicable than those described above. For example, it was observed that chromatography of step 2 enzyme on DEAE-cellulose gave low yields and highly variable results. Similarly, when ultracentrifugation was used as an alternative to streptomycin sulfate precipitation, it was observed that a significant amount of the enzyme activity pelleted along with the ribosomes. Preparative electrophoresis on nondenaturing gels was attempted for the separation of the PHS enzyme forms, and this procedure has, in fact, been used effectively for the purification of small quantities of radioactively labeled enzyme. However, the enzyme yields from this procedure were too low to permit its use as a large-scale purification technique. The procedure described under Materials and Methods can easily be scaled up or down and has been applied to quantities of 48-h cells as small as 5 g and as large as 150 g.
Purity of the Enzymes
As shown in Fig. 3 , the separation of step 5 enzyme by glycerol gradient centrifugation results in two symmetrical peaks of enzyme activity and the figure also shows that the protein profile corresponds exactly to the profile of enzyme activity. It should be noted that protein concentrations in the gradient were estimated by the method of Layne (19) . Thus, the specific activities of L and S are most accurately reflected by the data of Table  I . The data of Fig. 3 do suggest that the glycerol gradient produced homogeneous L and S enzyme forms. This suggestion has been confirmed by SDS-PAGE as shown in Fig. 4 . Electrophoresis of both L and S produces a single band on the gel and this band has the same apparent ikf, for both enzyme forms (see further below).
In most cases, efficient separation of L and S can be achieved by a single gradient centrifugation of step 5 enzyme. In some cases, however, it has been necessary to recentrifuge the L and S fractions from the first gradient a second time to accomplish a complete separation of the two forms. As is shown in Fig. 2 , some separation of L and S is provided by the gel filtration chromatography on Bio-Gel A5m. Indeed, the leading edge of .the enzyme activity peak (fractions 44-51 of Fig. 2 ) contains essentially pure form L and this material has sometimes been used in the preparation of anti-L antibody. Form S from Bio-Gel is generally contaminated not only with L but also with other extract proteins as well, and the glycerol gradient centrifugation is required to obtain homogenous S. A preparation of L + S which is free of other contaminants can be obtained by pooling the fractions from the Bio-Gel column as specified under Materials and Methods and rechromatographing the pooled enzyme on the same column eluted with Buffer 3 without NaCl. This low-salt chromatography effectively removes most of the contaminants from the pooled L and S preparation.
Size and Subunit Molecular Weights of L and S As shown in Fig. 4 , SDS-PAGE of L and S on 9.5% gels produces a single polypeptide band. Comparison of the mobility of this band with appropriate electrophoretic standards indicates an ilf, of 97,000 (Fig.  5) . Electrophoresis on gels with monomer compositions of 8.5-10% have yielded molecular weights of 97,000-103,000, with an average value of 99,500 f 2500. The molecular weights of the native L and S forms have been estimated by comparison of their sedimentation properties,with those of appropriate standards of known M, (P-galactosidase, M, 538,000; Escherichia coli RNA polymerase holoenzyme, M, 493,000; S. antibioticus RNA polymerase, M, 400,000; pyruvate kinase, M, 237,000). These analyses yield native molecular weights of 919,000 for L and 237,000 for S. The native molecular weights of L and S have also been determined by electrophoresis on 7.5% nondenaturing acrylamide gels (15) by Ferguson analysis, according Gel electrophoresiswas performed as described in the text and in the legend to Fig. 4 to Hedrick and Smith (16) . In this procedure PHS and appropriate standards were electrophoresed on 5, 6, 7, and 8% acrylamide gels as described under Materials and Methods. Results of such an experiment are shown in Fig. 6 in which the retardation coefficient, K& is plotted against molecular weight. The molecular weight calculated for L from these experiments was 799,000. S migrated identically to pyruvate kinase at each acrylamide concentration, indicating an Mr of 237,000. These data suggest that S is composed of two of the 99,500 M, subunits and L is composed of eight or nine of these subunits. It has not yet been determined whether the L and S subunits are identical (see further below). Other molecular properties of the L. and .S enzyme forms will be presented in a subsequent report.
Variations in the Relative Amounts of L and S with the Age of the S. antibioticus Culture
The availability of a quick and reasonably straightforward purification procedure for the L and S forms of phenoxa-zinone synthase has made it possible to examine S. antibioticus cells of varying ages to determine the relative amounts of these forms which are present in those cells. In these experiments, enzyme was purified from cells harvested 12, 18, and 48 h after innoculation into galactose-glutamic acid medium.
The enzymes were purified through step 2 and were then applied directly to Bio-Gel A5m without the intervening affinity column step. The appropriate fractions from the Bio-Gel column were pooled, concentrated, and applied to glycerol gradients as described above. The relative amounts of L and S in these gradients were calculated by measuring the PHS activity in each gradient fraction and expressing this result as percentage of the total activity recovered from the gradient. Results of these experiments are shown in Fig. 7 and Table II. Figure 7 shows clearly that the relative amount of L increases with the age of the cells and Table II than 12 h. As has been shown in several previous reports, the total amount of PHS also increases with the age of the cells (2, 3, 7, 2% .
Preparation of Antibody to PHS
Antibody to PHS L was prepared as described under Materials and Methods. This antiserum produced a single precipitin band on Ouchterlony double-diffusion plates when reacted with the immunizing antigen (data not shown). In addition, it has been shown that antibody to L will react with S, again producing a single precipitin line. These experiments have been extended using preparations of radioactive L and S, purified from cells grown in the presence of radioactive amino acid (usually [35S]methionine).
In these experiments, the ability of anti-L to precipitate radioactive L and S has been measured in test tube precipitation reactions. In a typical experiment, in which equal amounts of L and S protein were treated with the same amount of antiserum, anti-L precipitated 44% of the radioactive L and 53% of the radioactive S. These results indicate that, while the 99,500-dalton subunit of L may not be identical to that of S, they must at least possess antigenic determinants in common. Other data supporting the conclusion that L and S are similar in structure were provided by the experiment of Fig. 8 Katz and Weissbach reported in their original study of PHS, that the condensation reaction proceeded with the consumption of 1.5 mol of O2 per mole of phenoxazinone formed (9) . However, since it was not clear from this report that their PHS preparation was homogenous, it seemed possible that the oxygen requirement they observed might have resulted from the presence of some other enzyme as a contaminant in their preparation. Further, it was of interest to determine whether oxygen consumption was observed with both PHS forms L and S which have been purified in this laboratory. To these ends, oxygen uptake during the condensation reaction was measured with the Clark oxygen electrode. The amount of CBA formed was also determined so that The data presented above mark the first report of the preparation of homogeneous phenoxazinone synthase. The procedure described under Materials and Methods is straightforward, reasonably simple, highly reproducible, and quick. Milligram quantities of pure L and S can be obtained in as little as 2 days. Further, as has already been stated, the purification procedure is easy to scale up or down to meet specific preparative needs. Previously published purification procedures (9, 11, 23 ) took several days and generally required far larger quantities of starting material to yield enzyme amounts comparable to those obtained by the procedure reported here. Indeed, Katz and Weissbach obtained only about 3 mg of enzyme/100 g of mycelia (9) and Golub and Nishimura obtained only about 4 mg of enzyme/100 g of myCelia (11) . Yields as high as 30-50 mg/lOO g of mycelia can be obtained by the procedures described in the present report. Further, neither of the two other purification schemes cited above included a procedure for the preparative separation of the multiple enzyme forms. It should be noted that the assay procedure used in the experiments reported here was slightly different from that employed by Golub and Nishimura (ll) , and Katz and Weissbath (9) , who performed the assay incubations at 37°C. We have tested the activity of a combined L and S preparation at 37°C and, using the definition of an enzyme unit specified by Katz and Weissbath, we obtain a specific activity of 290 units/mg protein. Katz and Weissbach re- ported a value of 220 units/mg for their purified enzyme (9) . Our data suggest that PHS represents l-2% of the total protein present in 48-h 5'. antibioticus cells which is comparable to the values which can be calculated from the data of Katz and Weissbach and Golub and Nishimura (9, 11) .
The preparation of the L and S forms of PHS raises the.question whether these two forms are distinct molecular entities or whether they may be related to each other by some simple association-dissociation equilibrium.
Several lines of evidence suggest that no simple equilibrium aggregation phenomenon is involved. First, the data of Fig. 7 show that the relative amount of L increases as S. antibioticus cultures age. Mycelia harvested after 12 h of growth contain very little L, but a significant amount of S. Thus, S cannot be converted to L simply as a result of the preparation of cell extracts for purification of the enzyme. Further, the behavior of L and S on rechromatography on BioGel and on recentrifugation on glycerol gradients has been examined. In both cases, L and S retain their original mobilities. No L is converted to S or S to L by rechromatography or recentrifugation. These data strongly suggest that L and S are stable forms of the enzyme. Further evidence in support of this conclusion will be presented in a subsequent report in which it is demonstrated that L and S have different molecular and catalytic properties.
As shown by the data of Fig. 4 , both L and S are composed of a subunit with a molecular weight of around 190,000. It is not known whether this subunit has an identical primary structure in both the L and S enzymes but the studies which have been performed with antibody to L indicate that there must be considerable sharing of antigenic determinants between the two kinds of subunits if they are not, in fact, identical. Antibody to L appears to react as well with radioactively labeled S as with L. Further, antibody to L is capable of completely inhibiting the PHS activity of 48-h crude extracts, indicating that both L and S are recognized by the antibody. We are currently examining the structure of the subunit of L and S by peptide mapping using radioactively labeled enzyme.
The question remains, what are the functions of the two enzyme forms in actinomycin biosynthesis. A fuller attempt to answer this question will be made in a subsequent report, but it is worth noting here that, by analogy with the enzyme systems involved in antibiotic biosynthesis in the bacilli, phenoxazinone synthase could be a multienzyme complex which is the catalyst for the synthesis of actinomycin. This possibility is currently under investigation in this laboratory. 
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